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Abstract

Fermilab high-energy photoproduction experiment E687 measures a branch-
ing ratio of (D} — ¢ptv)/T(D} — ¢xt) = 0.58 £ 0.17 (stat) & 0.07 (sys).
This branching ratio is combined with theoretical inputs to obtain a new
measurement of the D} absolute branching ratio of I'(D} — ¢xt)/T(D} —

all ) = 0.031 = 0.009(stat) + 0.005 (sys} + 0.004 (theoretical).



We report on a new measurement of the branching ratio [(D} — ¢utv) / T(D} — ¢nt)
using data collected in the photoproduction experiment E687, conducted in the Fermi-
lab Wideband Photon beam during the 1990-1991 fixed-target run. This branching ra-
tio is of particular interest since it provides information on the absolute branching ratio
for D} — ¢7% when combined with information on the D} lifetime, the well measured
Dt — F‘D,uv) partial width, and the theoretical expectations [1] [2] that I'(Df —
outv) = T(D*t — F'D,u,“"u).

This analysis is based on & sample of approximately 100 D} — ¢utv candidates (charge
conjugates are implied). Because of the missing neutrino, the final state is only partially
reconstructed and this sample includes backgrounds from charm final states which include
2 ¢ and either a muon or 2 misidentified muon along with additional undetected particles.
We show later how these backgrounds can be estimated from measured branching ratios and
limits, theoretical expectations, and a fit to the decay kinematic variables.

The E687 detector [3] measures high-energy photon-Beryllium interactions using a mul-
tiparticle magnetic spectrometer with excellent vertex measurement, particle identification,
and calorimetric capabilities. The average triggered photon energy is approximately 220
GeV. Charged particles emerging from the experimental target are tracked through a sili-
con microstrip vertex detector, an analysis magnet, three stations of multiwire proportional
chambers, a second analysis magnet, and two more multiwire proportional chambers. The
vertex detector measures decay proper times with 0.048 ps resolution for charm particles
which decay with all daughters detected in the microstrips. Three Cerenkov counters with
different thresholds allow kaons to be separated from pions over a momentum range from 4.5
to 61 GeV/c. Particle tracks are projected through the inner electromagnetic calorimeter,
hadron calorimeter, and additional shielding and are matched to hits in the inner.muon
detector consisting of three planes of scintillators and four planes of 5.08 cm diameter pro-
portional tubes, covering approximately + 40 mrad.

Many of the techniques and analysis cuts used here are similar to those employed for

our analysis [4] of the decay D* — _R'-*O,uﬁ’u. The data were reconstructed and selected by
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requiring evidence of detached vertices in the event. Specifically, all high-quality two-track
vertices were formed and the event was accepted for final processing if any two vertices were
separated by more than 4.50. All tracks found in both the MWPC and microstrip system
are searched for the correct sign, mass, lepton and Cerenkov identification combinations to
form K+ K~ u* candidates.

The muon is identified in the inner muon detector where it must leave hits in at least
three of the seven planes if the momentum is less than 30 GeV/c, and at least five of the
seven planes if the momentum is greater than 30 GeV/c. The kaons must be identified
by the Cerenkov system as kaon definite or kaon-proton ambiguous. To avoid possible
contamination from diffractively photoproduced ¢'s , we require that the value of p?} for the
¢ with respect to the incident photon direction exceeds 0.05GeV?/c2. Finally to eliminate
backgrounds from D} — ¢n* decay we require that the ¢p invariant mass be less than 1.9
GeV/c?,

We require that the K+ K~ u* combination originates from a common point by requir-
ing a good confidence level for the three-track secondary vertex. The main technique for
eliminating non-charm backgrounds is to require a statistically significant detachment of
the secondary vertex from the production vertex. We find the production vertex by search-
ing for the most upstream high-quality vertex in the target region containing two or more
tracks that can be made from the tracks which remain after the K+ K- pu+ combination is
removed. Defining the distance between the production and secondary vertices by £ and its
measurement error by o, we require detachment by cutting on the normalized separation
between the primary and secondary vertices, /. Finally, we require that the K+K-ut
vertex be isolated from other tracks in the event (not including tracks in the primary vertex)
by requiring that the maximum confidence level for another track to form a vertex with the
candidate be less than 10%.

Figure 1 shows the K*K~ invariant mass distribution for K+K-p* candidates with
a secondary vertex confidence level exceeding 20% for several £/o cuts. The peak due to

#(1020) — K+ K~ is clearly visible. The displayed curve is the result of a fit to the K+ K-
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mass spectrum to a resolution-broadened P-wave Breit-Wigner ¢ peak over a polynomial
background. Figure 2a shows that the yield of ¢u events as a function of the £/ cut
follows the predictions of a D} — ¢u*v Monte Carlo simulation generated with the present
measured [1] lifetime of the D}. Figure 2b compares the fitted ¢ yield for events satisfying
the detachment cut £/o > 3 as a function of the minimum confidence level requirement
on the secondary vertex to the predictions of our D} — ¢utv Monte Carlo simulation.
The accumulation of events at low secondary vertex confidence levels suggests substantial
contamination from events where the ¢ and muon did not originate from the same decay
vertex. This accumulation observed in the data is partially reproduced by a general photo-
production Monte Carlo where all charm species and known decay modes are simulated for
both the charm and anticharm particle (dashed curve). This suggests that some of the low
confidence level accumulation is due to charm backgrounds where a muon from one charm
decay is combined with & ¢ from the other charm decay. A strong contamination from low
quality ¢u vertices was also observed by the E691 collaboration [5]. To significantly reduce
this contamination, we require that the secondary vertex confidence level exceeds 20%.

We investigated possible contaminations from D+ and D} decays which include a ¢
along with either a real muon or a track which is misidentified as a muon*. Three of
these backgrounds, D} — ¢rtn® Dt — $ntn® D} — ¢rtx~rt can be estimated from
their known [1] branching ratios and our measurements of the probability that a pion is
misidentified as a muon (1.0 + 0.1%), and our estimatest of the relative production rates

of the D° , D* , and D}. These three backgrounds are expected to contribute relative to
’ 4

*Less than two events are expected to come from the combined dominant D° background sources
of ¢xtr~ and ¢grtx—x°.

tWe estimate a D} /D* production ratio of 0.6 £ 0.2 by comparing the observed yields of D} and
D* — K*T*K-=xt and correcting for acceptance and the known [1] branching ratios. We estimate

a D} /D° production ratio of 0.17 + 0.05 where we used the K ~7+ decay mode for the De.



the D} — ¢p*v with ratios of 0.06 £ 0.04, 0.05 + 0.03, and 0.004 + 0.002 respectively.
This leaves three potential background sources with no measured branching ratios: D} —
¢ruty , Dt — ¢uty, and Dt — ¢K utv. The first two of these are expected [6] to be
negligible because they are OZI suppressed. There exists an experimental upper limit [1]
on the branching ratio for D* — ¢utvr decay. However, there are no existing experimental
constraints on possible contamination from the decays D — ¢nutv or Dt — qﬁ{"o,u*u.

To estimate the true level of the D} — ¢utv signal, we fit the distributions of four
kinematic varié,bles measured for the ¢u*v candidates to a linear combination of the dis-
tributions predicted for the signal and the six non-negligible background sources. A binned
likelihood fit was performed to the kinematic variable distributions where the six fit param-
eters were the fraction of ¢utv candidates due to each background source.! Information for
each background with an estimated yield was included in this fit with an additional Gaussian
factor.

The four kinematic variables were chosen to differentiate the D} — ¢utr signal from
various background contributions. We use the ¢y invariant mass, M(¢u), to differentiate the
signal from charm decays with additional, unobserved particles at the ¢y vertex which will
tend to have a softer distribution than the signal. In order to provide discrimination against
D+ decays, we use the reconstructed proper time$ as the second kinematic variable. Finally

we have attempted to exploit the expectation [7] that D} — ¢utv decays should be governed

In the fit we allowed for non-¢ backgrounds by adding to the prediction the joint distribution

from two symmetrically placed, 6 MeV/c? wide sidebands about the ¢ peak.

$Because of the missing neutrino, the momentum of the D} candidate is reconstructed by requiring
that it lies along the line defined by the primary and secondary vertices. This leaves a two-fold
ambiguity which is resolved by using the solution which gives the lower D, momentum as was done

in our analysis [4] of the Dt — B *%u+*v final state.



by form factor ratios which are nearly identical to those measured [4] for D+ — K utv. **
We include two angular variables which are cos#f,, the angle between the K+ and the D,
direction in the ¢ rest frame, and cos 4, the angle between the v and the D, direction in
the pv rest frame. The fit is to the joint distribution of M(¢r), cosb,, and cos 8, and the
projection of the proper time since we expect the proper time to be uncorrelated with the
other variables. The D* — ¢utv decay is simulated using the same intensity expression as
the D} — ¢utv signaltt. The five remaining background contributions were simulated with
a phase space decay intensity.

As a way of illustrating the discrimination power of the three kinematic variables, we
compare Monte Carlo predicted projections of these variables for the signal and the two un-
constrained backgrounds in Figure 3. For this fit we require the secondary vertex confidence
level to be greater than 40% where the excess of data over the Monte Carlo prediction is
only 10% (see Figure 2b).

The fit attributed the bulk (79+£21%) of the ¢ yield to the D} — $u*wv signal®*. Figure 4
shows the projections of the fit results overlayed on the data.

We next turn to the denominator of our branching ratio measurement, the yield of

D}t — ¢t events. This sample is obtained with the same selection criteria and uses the

**We have recently been made aware of a paper by the Fermilab E653 Collaboration (K. Kodama
et al.), to be printed in Physics Letters B, which reports on a first measurement of the Ry and
R, form factors for D} — ¢utv. When we redo our analysis using the E653 form factors our
branching ratios change by less than 5 %

""We use the decay intensity which is described in (8], our measurement [4] of the form factors R,
and R,, and the customary values of 2.5 GeV and 2.1 GeV for the mass of the axial and vector
form factors.

HThe remaining fraction was nearly equally divided between the backgrounds except D} —

¢prtx=x+ and Dt — ¢E utr which were found to be negligible.



same vertexing technique as used for our ¢u*v sample but with a detachment cut of £ [fo>5
rather than the £/o > 3 detachment cut used throughout the ¢ptv analysis. The secondary
vertex confidence level cuts and vertex isolation cuts were identical to those used in the ¢u+tv
analysis. In order to estimate the yield of D¥ — ¢nt events we fit the K+ K~ invariant
mass distribution for the sideband subtracted ¥ sample of D} — K+K -7+ decays. A fit
to the ¢ peak gives 301 + 23 ¢t events and is shown in Figure 5.

Using the observed yield of D} — gu*v candidates, our fit for the level of background
contamination, and the fitted yield of D] — ¢nt decays we obtain a relative branching
ratio of I'(Df — ¢u*v) [/ (D} — ¢r+) = 0.58 £ 0.17 (stat) £ 0.07 (sys). Note that if
the kinematic fit is performed with the assumption that there is no contribution from the
suppressed modes D} — ¢x®uty, DY — $puty, and DT — gﬂfop‘*u, we find the branching
ratio is 0.62 4 0.11 + 0.07.

We have included a 21 % correction for the accumulation of low secondary confidence
level events (see Figure 2b) which persists beyond a confidence level of 20%. We attribute a
10% systematic error to this subtraction by varying the assumptions used to normalize the
curves at large secondary confidence level cut,

Other systematic sources include uncertainty in the scattering or absorption of the pion in
the D} — ¢nt decay, and uncertainties in the experimental trigger response. A comparison
of our branching ratio result to other recent results is presented in Table 1.

It has become customary 5] [6] [9] to use the this branching ratio to infer the D} — gr+

absolute branching ratio. The branching ratio can be computed via the expression:

T(D} — ¢nt)  T(Df - ¢nt)  T(D} — ¢utv) T(D+ - K utv) (D7)
T(Df —all) — T(Df — ¢utv) I(D+ — K uty) D(D* s all) (D)

The second factor relating the dominant semileptonic widths of of the D* and Dt is

expected [1] to range from 0.78 to 1.02. We will use 0.90 + 0.12. We use a lifetime ratio

%For this fit, the D} signal region is 1.950 < M(K+K-7%) < 1.988 and the sidebands are

1912 < M(K+K~nt) < 1.931 and 2.007 < M(K+K~nt) < 2.026 (GeV/c?)
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taken from our recent measurement [10] of the D} lifetime (0.475 + 0.02 £ 0.007 ps) and
the world average [1] lifetime for the D+. The D* — K'’u*v branching ratio is obtained
using our recent measurement (4] of the D* — K °u+v branching ratio relative to K~ #+x+
and the present world average [1] absolute branching ratio for D+ — K-z*x*. Our result
is (D7 — ¢nt)/T(D} — all ) = 0.031 = 0.009(stat) + 0.005 (sys) = 0.004 (theoretical).
The present world average {1] on this absolute branching ratio is 0.028 + 0.005.

In summary, we report a new measurement of the branching ratio D -
pptv}/T(D} — ¢m*) = 0.58 £ 0.17 (stat) & 0.07 (sys). In the first published analysis
of its kind, a fit to the lifetime and decay kinematics and known background branching ra-
tios was used to estimate the fraction of ¢u+ candidates events due to D} — gptv decays.

This branching ratio is combined with theoretical inputs to obtain a new measurement
of the D} absolute branching ratio of (D} — ¢n*)/T(D} — all ) = 0.031 +0.009(stat) +
0.005 (sys) =+ 0.004 (theoretical).
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oratory, the INFN of Italy, and the staffs of the physics departments of the collaborating
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FIGURES

FIG. 1. The K~ K+ invariant mass distributions for D} — ¢u*v candidates with secondary
vertex separation cuts a) {/¢ >3, b)¢/oc > 6, c) £/o > 9,and d) {/c > 12. Fits are shown as

solid lines.

FIG. 2. Yields for D} — ¢utv as a function of a) the £/c cut, and b) the secondary vertex
confidence level cut. The D} Monte Carlo prediction is the solid lines. A general c¢ Monte Carlo

prediction is the dashed line.

FIG. 3. Predicted distributions for the four kinematic variables used to distinguish the
D} — ¢utv from the backgrounds D} — ¢n%u*y, and Dt — ¢K ptw. The four variables
are a) the ¢u invariant mass, b) the vector meson decay angular variable, cos 8,. c) the weak

decay angular variable, cos f,, and d) the reconstructed ¢ur proper time.

FIG. 4. Comparison of the observed kinematic distributions to the predictions of ‘the back-
ground fit described in text. The data are shown as the points with error bars and the fit result is
shown as the histogram. The four variables are a) the ¢u invariant mass, b) cos 8,. c) cos 8.,

and d) ¢uv proper time.

FIG. 5. The D} sideband subtracted K+XK~ invariant mass distribution used to extract the
yield of D} — ¢n+t events. The curve represents a fi Breit-Wigner ¢ peak over a polynomial

background.
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TABLES

TABLE I. Measurements of I'(D} — ¢itv)/T(D} - ¢nt), I=eorp

Mode Signal L(D} — $ltv)/T(D} — ¢nt)
This paper 7 97 + 28 0.58 £ 0.17 4+ 0.07
E691 [5] e - < 0.45
CLEO [6] i, e avg 54 + 11 0.49 = 0.10 *312
ARGUS [9] e 104 + 26 0.57 £ 0.15 £ 0.15
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